Rearrangement of gene segments to generate antigen receptor coding regions depends on the RAG1͞2 recombinase, which assembles a synaptic complex between two DNA signal sequences and then cleaves the DNA directly adjacent to the paired signals. After coupled cleavage of complementary signal sequences, virtually all of the cleaved signal ends remained associated with RAG1͞2 in stable complexes. These signal end complexes were distinct from various precleavage RAG1͞2 signal complexes in that they were resistant to treatment with heparin. A mammalian joining apparatus consisting of purified Ku70͞86, XRCC4, and DNA ligase IV proteins was sufficient to join deproteinized cleaved ends, but retention of signal sequences within the signal end complex blocked access to the DNA ends and prevented their joining by these proteins. Sequestration of cleaved ends within the signal end complex would account for the persistence of these ends in the cell after cleavage and may explain why they do not normally activate the DNA-damage-dependent cell cycle checkpoint. Joining requires proteins involved in the nonhomologous end joining (NHEJ) pathway of DNA repair (6, 7). The transition from cleavage to joining is not well understood, and evidence suggests that the cleaved ends are never free in the cell.
Rearrangement of gene segments to generate antigen receptor coding regions depends on the RAG1͞2 recombinase, which assembles a synaptic complex between two DNA signal sequences and then cleaves the DNA directly adjacent to the paired signals. After coupled cleavage of complementary signal sequences, virtually all of the cleaved signal ends remained associated with RAG1͞2 in stable complexes. These signal end complexes were distinct from various precleavage RAG1͞2 signal complexes in that they were resistant to treatment with heparin. A mammalian joining apparatus consisting of purified Ku70͞86, XRCC4, and DNA ligase IV proteins was sufficient to join deproteinized cleaved ends, but retention of signal sequences within the signal end complex blocked access to the DNA ends and prevented their joining by these proteins. Sequestration of cleaved ends within the signal end complex would account for the persistence of these ends in the cell after cleavage and may explain why they do not normally activate the DNA-damage-dependent cell cycle checkpoint.
R ecombination of V(D)J gene segments to form intact Ig and T cell receptor coding regions is a necessary part of B and
T cell development and contributes to the enormous repertoire of the vertebrate specific immune system (reviewed in ref. 1) . V, D, and J gene segments are flanked by recombination signal sequences (RSS) comprising conserved heptamer and nonamer motifs separated by nonconserved spacers of 12 or 23 bp. Recombination almost invariably brings together gene segments flanked by ''complementary'' RSSs with spacers of different lengths, a phenomenon known as the 12͞23 rule (2) . At the biochemical level, V(D)J recombination can be divided into two phases: cleavage and joining. Cleavage is carried out by the lymphoid-and development-specific recombinase composed of the RAG1 and RAG2 gene products 1 and 2 (RAG1͞2) (3) (4) (5) . Joining requires proteins involved in the nonhomologous end joining (NHEJ) pathway of DNA repair (6, 7) . The transition from cleavage to joining is not well understood, and evidence suggests that the cleaved ends are never free in the cell.
The cleavage phase of V(D)J recombination has been reconstituted with purified proteins. RAG1͞2 with the assistance of the chromatin-associated proteins high-mobility group (HMG)1 or HMG2 (8) recognizes the RSS and, in the presence of divalent metal cation (Mg 2ϩ or Mn 2ϩ ), introduces a single-stranded nick between the heptamer and coding region (3) . The 3Ј hydroxyl at the end of the coding DNA then attacks the phosphodiester bond on the opposite DNA strand in a direct transesterification reaction (3, 9) . This generates a double-strand DNA break, with a hairpin on the end of coding DNA and a blunt-cut RSS or signal end (SE). If Mg 2ϩ is the cation, nicking can take place at a single RSS, and the 12͞23 rule is implemented at the second step, with transesterification requiring the presence of a pair of complementary RSSs (10) . Under these conditions, hairpin formation is believed to take place within a stable synaptic complex of complementary RSSs (11) . Cleavage within the synaptic complex of complementary RSSs most likely reflects the conditions that govern cleavage in vivo, where greater than 90% of cleavage events follow the 12͞23 rule (12) . The requirement for a pair of complementary RSSs can be bypassed if cleavage is performed in Mn 2ϩ (3, 13) . Under these conditions, it is possible that both nicking and hairpin formation take place at a single RSS or, alternatively, that 12͞12 or 23͞23 RSS pairs are especially active.
After cleavage, the fate of coding and signal DNA ends is distinct both qualitatively and temporally. Coding ends are joined very rapidly (14, 15) , whereas SEs persist long after cleavage (14, 16, 17) and are eventually joined at around the G 1 ͞S transition. Signal joints are almost always perfect headto-head fusions of the blunt ends, and examination of the broken ends suggests that no processing occurs before joining (14, 17, 18) . Genetic evidence indicates that both coding and signal joint formation involve NHEJ factors. These include components of the DNA-dependent protein kinase (DNA-PK)-the Ku heterodimer (Ku70͞86) and the large catalytic subunit (DNA-PK CS )-as well as DNA ligase IV and XRCC4 (6, 7, 19, 20) . The properties of DNA ligase IV strongly suggest that it is the protein directly responsible for closing the double-strand break. XRCC4 binds tightly to DNA ligase IV (21, 22) and in vitro stimulates both its adenylation and double-stranded DNA-joining activity (22, 23) . Formation of a higher order complex between XRCC4 and DNA ligase IV may allow for concerted ligation of two DNA strands as is necessary for repair of double-stranded DNA breaks (24) . Ku70͞86 binds with high affinity to DNA ends (25) ; it can translocate internally on linear DNA molecules and can move from one DNA molecule to another by bridging DNA ends (25) (26) (27) (28) . Some groups have found a stimulatory effect of Ku70͞86 on ligase IV͞XRCC4-mediated end joining (28, 29) . Others have found an inhibitory effect that can be relieved by DNA-PK CS (30) . DNA-PK CS -deficient cells can form signal joints on extrachromosomal V(D)J substrates and show a marked defect only in coding joint formation (31) . The accumulation of hairpin-ended coding DNA in these cells indicates that DNA-PK CS is required for the rapid opening of the hairpin (32) .
The rapid formation of coding joints in normal cells indicates that the NHEJ machinery is present and active, and that it gains access to the coding ends almost immediately after cleavage. These NHEJ factors should be competent for the ligation of SEs as well. The persistence of SEs indicates that they are sequestered from the repair machinery. Here we describe a highly stable postcleavage complex that retains cleaved SEs. This complex sequesters the ends from NHEJ proteins that are otherwise competent for blunt-ended ligation, namely Ku70͞86, XRCC4, and ligase IV.
Materials and Methods
Proteins and DNA. T4 ligase, T4 polynucleotide kinase, and all restriction enzymes were purchased from New England Biolabs.
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DNA-PK was purchased from Promega. Murine RAG1 (amino acids 384-1008) and RAG2 (amino acids 1-387) proteins tagged on their amino termini with maltose-binding protein and on their carboxyl termini with polyhistidine and myc epitopes were coexpressed and purified as previously described (3). Polyhistidine-tagged human Ku70 and Ku86 were coexpressed and purified as previously described (28) . HMG1, amino acids 1-163, was expressed from vector pDVG83 (33) in RJ1878 bacterial cells (gift of Reid C. Johnson, University of California Medical Center, Los Angeles), which do not express bacterial HU proteins. Purification was as for HU protein, Method A, as described previously (34) .
Polyhistidine-tagged human DNA ligase IV, expressed from vector pDR119 (23) Plasmid substrate pDVG54 and oligonucleotide cleavage substrates DAR39͞DAR40 (12 RSS) and DG61͞DG62 (23 RSS) and precleaved substrates DG9͞DG10 (12 RSS) and DG2͞DG4 (23 RSS) have been described previously (3, 35) . The 12 RSS 100-mer substrate was composed of oligonucleotides JMJ054 (5Ј-CAGTGCCAAGCTTGCATGCCTGCAGGTCGACTT-ACACAGTGCTACAGACTGGAACAAAAACCCTCGAG-CATATGACGACCTTCGATATGGCCGCTGCTGT) and its complement, JMJ055. Oligonucleotides were gel-purified before use. DAR40, DG10, and JMJ055 were labeled by using T4 polynucleotide kinase and [␥ 32 P]-ATP (3,000 Ci͞mmol; NEN Life Sciences). The 23 RSS 100-mer substrate was generated by PCR by using pDVG54 as a template and the primer pair JMJ047 (5Ј-AATTCGAGCTCGGTACCCGGGGATCC) and JMJ048 (5Ј-CGGCGGTGCACAATCTTCTCGCGCAACG). The 100-bp product was purified on an agarose gel before use. Southern blot probes specific for the SE fragment, or the coding end (CE) fragments resulting from cleavage at the 12 or 23 RSSs, were generated by PCR in the presence of [␣ 32 P]-dCTP (3,000 Ci͞mmol; NEN Life Sciences) by using pDVG54 as a template and primer pairs JMJ014 (5Ј-CTCGAGCATATGACGACCTTCGATATG) and JMJ015 (5Ј-ACGGCTTGCGCGAGAAGATTGTGCACC) (SE), JMJ016 (5Ј-GGTGTTGGCGGGTGTCGGGGCTGG) and JMJ017 (5Ј-GTTACCCAACTTAATCGCCTTGCAGC) (12 CE), or JMJ018 (5Ј-AATACGGTTTCCACAGAATCAGGGG) and JMJ019 (5Ј-CGTTCCACTGAGCGTCAGACCCCG) (23 CE).
Analysis of Pre-and Postcleavage Complexes. For cleavage of plasmid DNA by RAG1͞2, plasmid pDVG54 (5 g͞ml), RAG1͞2 (45 g͞ml), and HMG1 (5 g͞ml) were incubated together in ''binding buffer'' (25 mM 4-morpholinepropanesulfonic acid, pH 7.0͞32 mM KCl͞4 mM DTT͞0.1 mg͞ml BSA͞1% glycerol͞4 mM CaCl 2 ) for up to 10 min at room temperature. Cleavage was initiated by the addition of MgCl 2 (4 mM) and carried out for 60 min at 37°C. In some cases, pDVG54 was completely linearized with AatII before cleavage by RAG1͞2. Aliquots from large-scale reactions were either deproteinized by treatment with 1 mg͞ml of proteinase K and 0.5% SDS or treated with 0.1% glutaraldehyde (Sigma) for up to 30 min at 37°C and separated on 0.8% agarose gels in 1ϫ TAE (40 mM Tris⅐acetate͞ (mM EDTA, pH 8.0) buffer. Gels were stained with SYBR green I (Molecular Probes) and blotted onto GeneScreen Plus membrane (NEN Life Sciences). Vacuum-dried Southern blots were hybridized overnight (37°C) then washed extensively in 0.5 ϫ SSC͞1% SDS (45°C). Unless otherwise indicated, Southern blots hybridized to the SE probe are shown.
For gel-shift analysis of precleavage complexes, labeled 12 RSS oligonucleotide substrates were combined with RAG1͞2 (75 g͞ml) and HMG1 (5 g͞ml) in binding buffer. In some cases, reactions also included nonradioactive 23 RSS substrate. Reactions were incubated for up to 10 min at room temperature, then 1 l of 100% glycerol was added and reactions were loaded onto 8% polyacrylamide gels (crosslinked at a ratio of 80:1) in 0.5ϫ TBE buffer (90 mM Tris͞64.6 mM boric acid͞2.5 mM EDTA, pH 8.3) (''shift gels''). Gels were electrophoresed at 140 V at room temperature. Gels were dried and exposed to phosphor-storage autoradiography. For gel-shift analysis of postcleavage complexes, reactions were assembled as for binding, then cleavage was initiated by the addition of 4 mM MgCl 2 , and reactions were incubated for 120 min at 37°C before addition of glycerol and separation on shift gels. When pre-and postcleavage complexes were directly compared, binding reactions without MgCl 2 were also incubated at 37°C for 120 min. For two-dimensional electrophoresis, wet shift gels were exposed briefly to phosphor-storage autoradiography to identify bands. Lanes were excised and sandwiched between clean glass plates. A solution of 12% acrylamide͞N,NЈ-methylene-bis-acrylamide͞ 0.6% N,NЈ-methylene-bis-acrylamide͞8 M urea͞1% SDS͞1ϫ TBE was poured around the gel slice and allowed to polymerize. The glass plates were heated briefly on a hot plate, then electrophoresed at 40 W.
Kinetic Analysis of Cleavage. Labeled 12 RSS oligonucleotide substrate (1 nM) was combined with RAG1͞2 (75 g͞ml) and HMG1 (5 g͞ml), as well as unlabeled 23 or 12 RSS as indicated, in binding buffer (100 l) for 5 min at 37°C. Cleavage was initiated by the addition of 4 mM MnCl 2 . Aliquots (5 l) were removed at the times indicated and analyzed by separation on denaturing 15% polyacrylamide gels.
Joining Reactions. Cleavage of pDVG54 was carried out for 60 min as described above. Aliquots (10 l) were combined with joining factors as indicated and 5 mM ATP in a total volume of 20 l. All other buffer components were as for cleavage. Joining reactions were incubated for 30 min at room temperature, then diluted with 20 l of 1% Tween-20. Signal joints were detected by PCR as described previously (35) , by using 5-l aliquots from the diluted joining reactions. PCR products were separated on precast NOVEX 10% TBE gels (Invitrogen), which were stained with ethidium bromide. In some cases, cleavage products were thoroughly deproteinized before joining. Large-scale cleavage reactions were treated with 1 mg͞ml of proteinase K and 0.5% SDS for 60 min at 37°C, then extracted with phenol͞chloroform and ethanol precipitated. DNA was resuspended in binding buffer plus HMG1 and 4 mM MgCl 2 .
Other. All quantification of gel band intensities was by phosphorstorage autoradiography with Molecular Dynamics TYPHOON 8600 and IMAGEQUANT 5.1 software. Gels stained with SybrGreen I or ethidium bromide were imaged with a Stratagene Eagle Eye II. DNA molar concentrations are given for the whole molecule.
Results
SEs Remain Bound to RAG1͞2 After Cleavage. An agarose gel mobility assay was developed to separate and quantitatively analyze DNA ends bound in postcleavage complexes. When a linearized plasmid substrate was subjected to cleavage by RAG1͞2 and treated with glutaraldehyde, SEs were associated with a distinct complex of altered mobility. Nearly 100% of the SE fragment was bound in this complex, on the basis of comparison with the SE band in the deproteinized lane (Fig. 1A,  cf. lanes 1 and 2) . Little or none of the coding end fragment resulting from cleavage at the 12 RSS migrated with altered mobility after glutaraldehyde treatment (Fig. 1 A, cf. lanes 3 and  4) . Most of the coding end fragment resulting from cleavage at the 23 RSS also migrated with unaltered mobility after glutaraldehyde treatment (Fig. 1 A, cf. lanes 5 and 6) . The SE complex (SEC) was examined in greater detail.
Several lines of evidence indicated that the SEC was a legitimate postcleavage complex in which RAG1͞2 remain bound after cleavage. The SEC was not detected when RAG1͞2 and HMG1 were combined with plasmid DNA that had previously been cleaved by RAG1͞2 and then thoroughly deproteinized (data not shown), although a complex with the properties of the SEC could be assembled from precleaved ends by using a more sensitive band shift assay (ref . 11 and see below) . A time course revealed that the SE cleavage product and SEC accumulated with very similar kinetics over the course of 60 min (Fig.  1B, cf. lanes 2-6 with lanes 7-11) . Finally, the SEC was resistant to challenge with specific oligonucleotide competitor consisting of RSS sequence plus a 16-bp coding flank. Two-hundred-fold excess specific oligonucleotide competitor was sufficient to prevent coupled cleavage of the plasmid if it was present at the beginning of the reaction (Fig. 2A, cf. lanes 2 and 3) . When competitor was added after 60 min of cleavage and reactions were continued for an additional 10 min, products were identical to those formed in the absence of competitor (Fig. 2 A, cf. lanes 2 and 4), and most of the cleavage products were retained in the SEC (Fig. 2 A, cf. lanes 6 and 8) . Oligonucleotide competitor consisting of blunt RSS sequence, similar to the cleaved SE, failed to inhibit cleavage if added at the beginning of the reaction and also did not disrupt the SEC (data not shown). This strongly suggests that the SEC observed in this assay does not result from reassociation of RAG1͞2 with cleaved RSS ends.
The SEC maintained the cleaved RSS ends in a synaptic complex. Digestion of the SE fragment bound in the SEC with an enzyme that cuts between the RSSs (XbaI) caused the SEC to migrate slightly more slowly, indicating that the digested fragments remain associated with each other via the SEC (Fig.  2B, cf. lanes 2 and 3) . In multiple trials, 60 to greater than 95% of the fragments remained associated with the SEC band after digestion with XbaI. Digestion of a thoroughly deproteinized SE fragment under identical conditions created the two smaller bands expected if the RSSs within the SEC were not maintained in a synaptic complex (Fig. 2B, lane 5) . These data demonstrated that the proteins necessary for efficient cleavage, RAG1͞2 and HMG1, were sufficient to maintain the synaptic complex after cleavage.
The SEC Is More Stable than Precleavage RAG1͞2-RSS Complexes. The SEC was stable to challenge with 1 mg͞ml of heparin or 0.5 M NaCl (data not shown), agents expected to dissociate loosely bound proteins from DNA. Mobility-shift assays on polyacrylamide gels in which RSSs were provided on oligonucleotide substrates were performed to directly compare the stability of pre-and postcleavage complexes. In the presence of HMG1 and Ca 2ϩ , RAG1͞2 can form a single precleavage complex when either 12 or 23 RSS is present or a distinct complex when a pair of complementary RSSs are provided (8, 11, 13) . The stoichiometry of these complexes with respect to DNA was confirmed by using RSSs provided on oligonucleotides of different lengths. RAG1͞2 formed a single shifted complex when the 12 RSS was provided on an oligonucleotide of either 50 or 100 bp (Fig. 3 , lanes 1-4; R ϩ 50 mer and R ϩ 100 mer). When RAG1͞2 was incubated with the 50-and 100-mer simultaneously, the same two bands were observed, indicating that the shifted complexes included only a single RSS (Fig. 3, lane 6) . A second more slowly migrating complex was present when the labeled 12 RSS sub- To control for efficiency of digestion by XbaI under these conditions, cleavage products were thoroughly deproteinized (dp CP), as described in Methods, before glutaraldehyde treatment and digestion with XbaI (lane 5). to support cleavage (M). Regardless of the cation, the complex of RAG1͞2 with the single RSS and with the synaptic complex of two RSSs was observed (Fig. 4A, lanes  2-5) . When cleavage reactions were challenged with heparin, only a single band migrating slightly faster than the synaptic complex was present (Fig. 4A, lane 7, block arrow) . To confirm that this band represented the cleaved SE product, lanes 5 and 7 were excised and run in a second dimension on a denaturing polyacrylamide gel. This procedure revealed that in the absence of heparin, both cleaved product and a small amount of fulllength substrate were present in the band of shifted mobility (Fig.  4B) . When heparin was added, only the cleaved product remained in the shifted position (Fig. 4C) . A band of similar mobility to the heparin-resistant postcleavage complex could be formed by using blunt-cut RSS ends (Fig. 4A, lane 9) , and this complex was also resistant to challenge with heparin (Fig. 4A,  lane 11) . These data highlight the relative stability of the complex of RAG1͞2 with cleaved SEs, and they strongly suggest that the synaptic complex identified here and previously (11) , no SEC could be detected (Fig. 5A, cf. lanes 3 and 7) . When Mn We performed kinetic analysis of cleavage on oligonucleotide substrates to define conditions that promote coupled cleavage in the presence of Mn 2ϩ . The initial rate of cleavage of labeled 12 RSS was stimulated by the addition of 20-to 100-fold molar excess of unlabeled 23 RSS (Fig. 5B) but not by the addition of unlabeled 12 RSS (Fig. 5C ). The unlabeled 23 or 12 RSS did not affect the rate of nicking (data not shown). These data suggested that both cleavage at a single RSS and coupled cleavage between complementary RSSs occurred in Mn 2ϩ , but that the latter was observed only when the complementary RSS was provided in molar excess over the labeled RSS. By using the two-dimensional gel analysis technique described above, we found that under these conditions, 40-60% of the cleaved SEs were retained in a complex with RAG1͞2 (data not shown). Taken together, these Reactions were performed as in A lanes 5 and 7, respectively, and separated on a shift gel (1°). Lanes from this gel were excised, rotated 90°counterclockwise and subjected to denaturing gel electrophoresis (2°; solid arrow). The positions of intact substrate and cleaved SE product on the denaturing gel are indicated.
data indicate that SEs are retained in the SEC when cleavage takes place in the context of a synaptic complex, regardless of the divalent cation present. , conditions that do not favor production of the SEC. We confirmed that T4 ligase could join SEs generated under these conditions (data not shown), but when cleavage was conducted in the presence of 4 mM Mg 2ϩ alone, T4 ligase was unable to join the cleaved ends (Fig. 6A, lane 2) . These data indicate that SEs retained in the SEC are not accessible to T4 ligase.
We assayed for signal joints using cleavage products that had been deproteinized before joining to demonstrate that a mammalian joining apparatus consisting of DNA ligase IV, XRCC4, and the Ku heterodimer was competent for blunt-ended ligation of naked DNA ends. The DNA ligase IV-XRCC4 complex was competent for high levels of ''sticky-ended'' ligation (data not shown) but was not able to efficiently join the blunt-ended substrate in the absence of Ku (Fig. 6B, lane 3) . Blunt-ended ligation product was observed when DNA ligase IV-XRCC4 was complemented with the Ku heterodimer (Fig. 6B, lane 4) ; the Ku preparation by itself had no ligation activity on blunt or stickyended substrates (Fig. 6B, lane 5 , and data not shown). Perfect head-to-head joining of two RSSs forms an ApaLI site. Products joined by Ku, XRCC4, and ligase IV could be digested nearly to completion with ApaLI (Fig. 6C, cf. lanes 3 and 4) . This indicates that the mammalian factors joined the ends without gain or loss of oligonucleotides. Unlike naked SEs, SEs sequestered in the SEC were not accessible to the mammalian joining apparatus (Fig. 6A, cf. lanes 3 and 7) , and the addition of DNA-PK CS was not sufficient to restore joining activity to Ku͞XRCC4͞Ligase IV (Fig. 6A, lane 4) .
Discussion
Although V(D)J recombination results in high levels of variability and diversity in antigen-coding regions, the process is subject to careful control at many levels. Recombination loci are made accessible in a developmentally regulated manner (36) (37) (38) , and recombination is normally restricted to the G 1 phase of the cell cycle in developing B and T cells (39) . The RAG1͞2 recombinase displays an inherent preference for coupled cleavage of complementary RSS pairs (10) . Our data corroborate an important regulatory role for RAG1͞2 after normal cleavage. RAG1͞2 remains bound to the blunt RSS ends and maintains these ends in a synaptic complex. Ends sequestered in this complex cannot be ligated by an active joining apparatus composed of Ku70͞86, XRCC4, and ligase IV, accurately reflecting these ends' sequestration during V(D)J recombination in the cell.
It has long been postulated that a stable postcleavage complex may account for the persistence of SEs during V(D)J recombination. We demonstrate that the formation of a stable postcleavage complex strictly requires synapsis of a pair of RSSs before cleavage. Under these conditions, virtually all cleaved RSS ends are retained by RAG1͞2 in the SEC. The SEC is resistant to challenge with competitor, indicating that it is the direct product of cleavage and not reassembled from precleaved ends. Although it is possible to reassemble a complex of RAG1͞2 with precleaved RSS ends (11, 40) , the persistence of SEs in vivo without modification suggests that they are never exposed to the general cellular milieu.
The mammalian repair proteins Ku70͞86, XRCC4, and DNA ligase IV can join naked blunt-ended DNA (Fig. 6) . We find that these proteins do not have access to the ends within the SEC inasmuch as they cannot join the ends, but we cannot rule out the possibility of a nonproductive (i.e., ligation-incompetent) association. Previous work has suggested that factors such as Ku70͞86 and DNA-PK CS are present with the recombinase on cleaved DNA (40) but did not demonstrate a direct interaction of these factors with RAG1͞2 on the SEs. Under the conditions used in those experiments, it could not be ruled out that Ku70͞86 might have translocated to the interior of the DNA (25, 41) before cleavage by RAG1͞2 and was not directly associated with RAG1͞2 or the cleaved DNA ends.
The SEC is the most stable of all RAG-DNA complexes examined. The persistence of cleaved RSS ends in the cell during normal recombination at the chromosomal loci suggests that the recombinase in cells likewise remains tightly bound to the RSS ends and releases the ends only in response to specific physiologic stimuli. Evidence suggests that regions outside the core domains used in these experiments contribute to efficient signal joint formation in the cell (42) . Phosphorylation of RAG2 at threonine 490, which is outside the core domain, by the cyclinAcdk2 complex targets RAG2 for degradation at the G 1 ͞S transition (43, 44) . This timing coincides with resolution of SEs into signal joints. Disassembly of the stable SEC may, therefore, simply be a matter of degradation of RAG2. Alternatively, phosphorylation or other events preceding degradation may be sufficient to remodel the complex and allow access of the joining machinery to the RSS ends.
What purpose is served by such a stable complex of RAG proteins with SEs? V(D)J recombination in wild-type cells does not appear to activate the G 1 ͞S checkpoint even though the broken RSS ends persist throughout G 1 . This observation is even more puzzling in light of the increasing body of evidence indicating that double-strand DNA breaks during V(D)J recombination are initially recognized in a manner similar to those that occur after irradiation or other modes of DNA damage. In both cases, breaks induce rapid phosphorylation of histone H2AX across a large expanse of chromatin and its concentration into nuclear foci (45) (46) (47) , followed by localization of other repair factors to these foci (45, 48) . Little is known about how broken DNA ends are first sensed in the cell. Most hypotheses propose that damage-sensing surveillance proteins are activated by binding directly or indirectly to broken DNA ends, but other possibilities exist. For example, these factors could sense the loss of tension within a chromatin loop that would result from a double-strand break anywhere within that loop. Repair could then be monitored by testing the ability of the chromatin loop to accept and maintain tension, and only persistent DNA breaks would be expected to prevent passage into S phase. Models of cyclic chromatin stress and relaxation are currently being explored with regard to meiotic recombination mechanisms (49) . Although broken RSS ends associated with V(D)J recombination are initially detected by the cell, they do not appear to constitute a persistent signal. The tightly bound recombinase may be responsible for masking this signal, either by directly blocking access to the ends or possibly by maintaining the region of chromatin between the cleaved RSS ends in a stable loop.
